Abstract: Field experiments in 2013 and 2014 examined corn (Zea mays L.) tolerance to acetyl-coenzyme A carboxylase (ACCase) inhibiting herbicides in a scenario where they would have been used to terminate a failed corn stand prior to replanting. To simulate this, herbicides were applied 1 wk or 1 d preplant (PP) and several parameters were measured. Corn injury 1, 2, 4, or 8 wk after emergence (WAE) was similar to the untreated control, regardless of herbicide, rate, or PP application timing. Across herbicides and rates, PP timing did not affect plant stand and aboveground biomass 2 WAE, plant height 4 WAE, or yield. Across application timings, plant stand and aboveground biomass were similar to the untreated control, regardless of herbicide treatment or rate; however, some herbicides reduced height and (or) yield. For example, compared with the untreated control, fluazifop-p-butyl (75 and 150 g ha −1 ) and sethoxydim (300 g ha
Introduction
To maximize yield potential, corn (Zea mays L.) growers often plant as early as field conditions permit; on average, at least 2 wk earlier than what was common in the 1980s (Kucharik 2006) . However, there are risks with early planting. Cool, wet soils could delay emergence, resulting in poor, uneven stands and intraspecific competition that can reduce yields (Nafziger et al. 1991; Liu et al. 2004) . A late-spring frost could also cause poor or failed corn stands. In most failed stand situations, growers will terminate the corn crop, replant to soybean [Glycine max (L.) Merr.] , and control any remaining corn plants with a postemergence herbicide (Deen et al. 2006; Soltani et al. 2006; Chahal et al. 2014) . However, if the grower had applied a pre-emergence residual corn herbicide (e.g., atrazine + isoxaflutole or dimethenamid + dicamba/atrazine) that is highly injurious to soybean (Soltani et al. 2011) , then the failed stand in this scenario will need to be replanted to corn. If the grower opts to replant to corn, then the surviving corn from the initial planting will become weedy volunteers that can reduce yields of the replanted corn (Steckel et al. 2009; Marquardt et al. 2012; Terry et al. 2012a; Shauck and Smeda 2014) . Therefore, the grower will likely have to terminate the early-planted corn prior to replanting.
Many potential options exist for terminating a failed stand, but these can be limited by choice of tillage system and corn hybrid. For example, the adoption of notill or conservation tillage precludes the use of mechanical control; thus, herbicides must be used to terminate a failed stand. However, the widespread adoption of herbicide-resistant hybrids makes herbicide selection problematic (Marquardt et al. 2013) . Glyphosate or glufosinate could be used (Steckel et al. 2009; Shauck and Smeda 2012; Terry et al. 2012b) ; unfortunately, glyphosate/glufosinate-resistance is commonly stacked in popular corn hybrids (Terry et al. 2012a ). The use of imazethapyr or imazapyr would be contingent on replanting with only imidazolinone-resistant hybrids (Shauck and Smeda 2012) . Paraquat is an option, but research has shown that a photosystem II inhibiting herbicide like atrazine may be needed to maximize control (Steckel et al. 2009; Norsworthy et al. 2011) . Therefore, other herbicide options need to be explored.
ACCase-inhibiting herbicides are efficacious for the control of volunteer glyphosate-resistant corn in soybean and other broadleaf crops (Deen et al. 2006; Soltani et al. 2006; Kniss et al. 2012; Chahal et al. 2014) . However, using ACCase inhibitors in a corn replant situation can be complicated by herbicide choice. For example, clethodim has been shown to be highly effective (Steckel et al. 2009; Terry et al. 2012a ), but the U.S. label specifies a 6 d plant-back interval (Anonymous 2008) , while the Canadian label does not contain this interval (Anonymous 2014a) . Other discrepancies in the plant-back interval exist among ACCase inhibitors labeled in the U.S. and Canada for corn control. They range from no mention of a plant-back interval for quizalofop-p-ethyl and fenoxaprop-p-ethyl in Canada (Anonymous 2014b, c) , to 30 d for sethoxydim in the U.S. and Canada (Anonymous 1997 (Anonymous , 2009 , to 60 d for fluazifop-p-butyl in the U.S. and Canada (Anonymous 2013 (Anonymous , 2014d , and to 120 d for quizalofop-p-ethyl in the U.S. (Anonymous 2010) . Plant-back intervals could be based on herbicide persistence in soil, but there does not appear to be a clear relationship between plant-back interval and herbicide half-life. For example, the typical half-life in soil for clethodim, sethoxydim, fenoxaprop-p-ethyl, fluazifop-p-butyl, and quizalofop-p-ethyl is 3, 5, 9, 15, and 60 d, respectively (Wauchope et al. 1992) . Regardless, corn yield potential declines rapidly as planting dates are delayed (Soltani et al. 2011) , as much as 1% per day after the first week in May [Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA) 2009], so avoiding a long plant-back interval is desirable. Yet, the ambiguity in the plantback interval for ACCase inhibitors labeled for volunteer corn control needs to be resolved for growers and agronomists so that informed decisions can be made. Furthermore, few studies have included a ACCase inhibitor as an option for controlling glyphosate-resistant corn in a replant situation (Steckel et al. 2009; Terry et al. 2012a ) or compared corn injury and yield following preplant applications of more than one ACCase inhibitor (Spader et al. 2012) . Therefore, the objectives of this study were to simulate ACCase inhibitor use prior to replanting corn using two preplant (PP) application timings and determining the effect of herbicide rate on corn injury and yield.
Materials and Methods
Four field experiments were conducted over a 2-year period (2013 and 2014) at Ridgetown, ON (Table 1) . Treatments were arranged in a randomized complete block design with four replications. Glyphosate/glufosinateresistant corn hybrids (Table 1) ), fenoxaprop-p-ethyl (54 and 108 g ha ). Herbicide treatments were applied approximately 1 wk PP or 1 d PP using a CO 2 pressurized backpack sprayer calibrated to deliver 200 L ha −1 of water at 207 kPa through four Hypro Ultralow drift 120-02 nozzles (Hypro, New Brighton, MN) spaced 50 cm apart. An untreated control was included in each replicate of each trial; all plots, treated and untreated, were maintained weed-free with 900 g ha −1 of glyphosate as needed.
Crop injury was rated at 1, 2, 4, and 8 wk after crop emergence (WAE) as a visual estimate on a scale of 0% (no injury) to 100% (complete plant death). Corn stand and aboveground biomass were determined 2 WAE by counting plants from 1 m of row per plot and then plants were cut at the soil surface, dried, and weighed. At 4 WAE, corn height was measured for 10 randomly selected plants per plot. At maturity, corn was harvested with a plot combine; weight and moisture were recorded and yields were adjusted to 15.5% moisture content.
Data for crop injury, plant stand, aboveground biomass, and crop yield were analyzed as a two-way factorial using PROC MIXED (SAS version 9.2; SAS Institute Inc., Cary, NC). For the initial analysis of the data, each year and location were considered separate environments. Variances were divided into fixed (application timing, herbicide treatment, and the application timing × herbicide treatment interactions among these variables) and random effects [block, environment (i.e., location-year combinations), block nested within environment, and all of interactions between environment and the fixed effects]. Significance of fixed and random effects was tested using an F test and Z test of the variance estimate, respectively. Environments were combined for analysis if environment × fixed effects interactions were not significant (P > 0.05). PROC UNIVARIATE was used to test data for normality and homogeneity of variance. To satisfy the assumptions of ANOVA, crop injury 1, 2, and 4 WAE were arcsine square-root transformed and aboveground biomass was square-root transformed to improve normality, whereas other parameters required no transformation. For all crop injury ratings, the untreated control (assigned a value of zero) was excluded from the analysis. However, all values were compared independently to zero to evaluate treatment differences with the untreated control. All means were separated with the use of Fisher's protected LSD at P < 0.05. Data compared on the transformed scale were converted back to the original scale for presentation of results.
Results and Discussion
Minimal crop injury was observed 1, 2, and 4 WAE, regardless of herbicide, herbicide rate, or PP application timing (data not shown). Across the observation timings, the greatest injury rating was 0.2% for 150 g ha −1 of fluazifop-p-butyl; however, crop injury 1, 2, 4, and 8 WAE for all herbicides was similar to the untreated control (data not shown), consistent with previous research (Steckel et al. 2009; Spader et al. 2012 ). Quizalofop-p-ethyl and fluazifop-p-butyl residual activity (i.e., suppression or control of germinating grasses) can vary due to soil type and soil moisture (Vencill 2002) . For example, quizalofop-p-ethyl is moderately adsorbed on sandy loam soils and strongly adsorbed to silt loam soils (Vencill 2002) , such as those in this study (Table 1) . Furthermore, fluazifop-p-butyl is de-esterified in moist soils to an acid form with has a 3 wk half-life in most soils (Wauchope et al. 1992) . In both years of this study, near-or above-average precipitation was observed in May, June, and July and rainfall events occurred between 1 and 7 d after herbicide application (data not shown), which presumably provided adequate activation of the herbicides similar to Spader et al. (2012) . However, across all ACCase inhibitors and rates, application timing (i.e., 1 wk PP or 1 d PP) had no effect on plant stand or aboveground biomass 2 WAE, plant height 4 WAE, or yield (Table 2) . These results were consistent with the labels for quizalofop-p-ethyl (Canada), fenoxaprop-p-ethyl (Canada), and clethodim (Canada) that do not specify a plant-back interval (Anonymous 2014a, b, c) , but were contrary to the labels for sethoxydim (U.S. and Canada), clethodim (U.S.), quizalofop-p-ethyl (U.S.), and fluazifop-p-butyl (U.S. and Canada) which caution users about the potential for injury (Anonymous 1997 (Anonymous , 2008 (Anonymous , 2009 (Anonymous , 2010 (Anonymous , 2013 (Anonymous , 2014d . Across PP application timings, plant stand and aboveground biomass 2 WAE were similar to the untreated control, regardless of herbicide treatment or rate; however, some herbicides reduced plant height and (or) yield. For example, plant height 4 WAE was reduced by approximately 3% compared with the untreated control when fluazifop-p-butyl at either 75 or 150 g ha −1 or sethoxydim at 300 g ha −1 were applied PP (Table 2) reduced yield by 0.3 to 0.5 t ha −1 (1.7%-2.8%) compared with the untreated control ( Table 2 ). In contrast, Spader et al. (2012) reported that the yield of corn following PP applications of clethodim or quizalofop-p-tefuryl were similar to the untreated control. Although comparable studies are limited, previous research has shown when the plant-back interval was followed in accordance with the label (Anonymous 2008 ), clethodim at 50 or 70 g ha −1 was one of the most effective herbicides in terminating stands of glyphosate-resistant corn, with no appreciable effect on the yield of the replanted corn (Steckel et al. 2009; Terry et al. 2012a) . The results of this study support the need for some ACCase inhibitor labels to include a plant-back interval (Anonymous 2008 ). Yet this data also indicates that current plant-back intervals may be exorbitantly long (Anonymous 2010 (Anonymous , 2013 (Anonymous , 2014d or unnecessary (Anonymous 1997 (Anonymous , 2009 in some situations, as demonstrated by Spader et al. (2012) . Yield losses were detected in this study; but, inherent field-scale yield variability may make it unlikely that the magnitude of yield loss (1.7%-2.8%) caused by ACCase inhibitors could be detected by most growers. Therefore, in a situation where a grower may need to terminate a failed stand of glyphosate/glufosinate-resistant corn, ACCase inhibitor selection could be based on efficacy rather than concerns about plant-back restrictions. Furthermore, regulatory agencies may need to reevaluate plant-back interval restrictions for ACCase inhibitors. Significant at P < 0.05 and P < 0.01 denoted by * and **, respectively. y Amigo added at 0.5% v/v.
x Sure-mix added at 0.5% v/v.
w Merge added at 1 L ha −1 . a-d Means within a column followed by the same letter are not significantly different according to Fisher's protected LSD at P < 0.05.
